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ABSTRACT: Larvae of the spider crab Hyas araneus were reared in the laboratory at constant 
conditions (12 ~ 32 %oS), and their feeding rate (F), oxygen consumption (R), nitrogen excretion 
(U), and growth were measured in regular intervals of time during development from hatching to 
metamorphosis. Growth was measured as dry weight (W), carbon (C), nitrogen (AT), hydrogen (H) 
protein, and lipid. All these physiological and biochemical traits revealed significant changes both 
from instar to instar and during individual larval moult cycles. Average F was low in the zoea I, 
reached a maximum in the zoea II, and decreased again in the megalopa. In the zoeai instars, it 
showed a bell-shaped pattern, with a maximum in the middle (zoea I) or during the first half of the 
moult cycle (zoea II). Maximum F in the megalopa was observed still earlier, during postmoult. 
Respiration (R) increased in the zoeai instars as a linear function of time, whereas it showed a 
sinusoidal pattern in the megalopa. These findings on variation in F and R during larval develop- 
ment confirm results obtained in previous studies on H. araneus and other decapod species. 
Excretion (U) was measured for the first time with a high temporal resolution in crab larvae. It 
showed in all three larval instars a bell-shaped variation pattern, with a maximum near the middle of 
the moult cycle, and significantly increasing average values from" instar to instar. The atomic O/IV 
ratio followed an inverse pattern, suggesting a maximum utilization of protein as a metabolic 
substrate during intermoult  Growth data from the present study and from a number of previous 
studies were compiled, showing consistency of growth patterns, but a considerable degree of 
variability between larvae from different hatches reared under identical conditions. The data show 
the following consistent tendencies: during the first part of each larval moult cycle (in postmoult, 
partly in intermoult), lipids are accumulated at a higher rate than protein, whereas  an inverse growth 
pattern is typical of the later (premoult) stages. These two different growth phases are interpreted as 
periods dominated by reserve accumulation in the hepatopancreas,  and epidermal growth and 
reconstruction (morphogenesis), respectively. Differences between individual larval instars in aver- 
age biochemical composition and growth patterns may be related to different strategies: the zoeal 
instars and the early megalopa are pelagic feeding stages, accumulating energy reserves (princi- 
pally lipids) necessary for the completion of larval development, whereas the later (premoult) 
megalopa is a semibenthic settling stage that converts a significant part of this energy to epidermal 
protein. The megalopa shifts in behaviour and energy partitioning from intense feeding activity and 
body growth to habitat selection and morphogenesis, preparing itself for metamorphosis, i.e. it 
shows an increasing degree of ]ecithotrophy. Data from numerous parallel elemental and biochemi- 
cal analyses are compiled to show quantitative relationships between IV, C, N, H, lipid, and protein, 
These regressions may be used as empirical conversion equations for estimates of single chemical 
components in larval Hyas araneus, and, possibly, other decapods. 
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INTRODUCTION 

In the past two decades, an increasing number of investigators studied developmen- 
tal changes of physiological or biochemical traits in larval decapod crustaceans reared 
under constant environmental conditions in the laboratory. Most of these studies consid- 
ered only one or a few isolated bioenergetic aspects such as larval food consumption, 
respiration, or growth rate (e.g, Emmerson, 1980; Paul & Nunes, 1983; Dawirs & Dietrich, 
1986; Dawirs et al., 1986; Anger, 1987). In a few papers, more or less complete budgets 
were presented that described the uptake and partitioning of nutritional energy or 
materials (Mootz & Epifanio, 1974; Logan & Epifanio, 1978; Levine & Sulkin, 1979; Johns, 
1982; Dawirs, i983). These investigations, however, had in general a low temporal (i.e. 
developmental) resolution and, thus, did not describe in detail bioenergetic changes 
during individual larval moulting cycles. A more comprehensive study (Sasaki et al., 
1986) deals with changes in physiology and biochemistry during larval development, 
including changes during single moult cycles, in one of the best studied decapod models: 
the American lobster (Homarus americanus). 

The present study attempts to combine comprehensiveness with a high temporal 
resolution, using one of the most suitable brachyuran model systems available for such 
studies, the spider crab Hyas araneus. Feeding, respiration, nitrogen excretion, and 
growth, the latter in terms of elemental (CHN) and proximate biochemical composition 
(protein, lipid) were studied, and results from investigations published in the past decade 
on this species were summarized. This review of older data will provide information on 
the degree of variation in larval growth rate and chemical composition, and  the data are 
used to quantify relationships between single components of growth (e.g. dry weight and 
carbon, or nitrogen and protein). The present data set (mostly obtained from larvae 
originating from the same hatch) will be used as a basis for a simulation model, 
quantifying and illustrating patterns of change in energy partitioning during larval 
development, and it will allow the construction of complete budgets of carbon and 
nitrogen (in preparation). 

MATERIALS AND METHODS 

Hyas araneus L. larvae were obtained from ovigerous females colIected near Helgo- 
land (North Sea) and mass-reared in the laboratory at constant 12 ~ ca 32 %oS. Freshly 
hatched Artemia sp. (San Francisco Bay Brand TM) nauplii were given as food, and 
seawater and food were changed every second day (for details see Anger  et al., 1983). 
The same standard conditions were used also in all physiological experiments (see 
below). 

Exper imen t  A 

This experiment comprised simultaneous measurements (in larvae from the same 
hatch) of growth (dry weight, W; carbon, C; nitrogen, N; hydrogen, H; protein), respira- 
tion (R), nitrogen excretion (U), ecdysteroid levels, activity of digestive enzymes, and 
accumulation of age pigments (lipofuscin). The latter three aspects have akeady been 
published separately (Spindler & Anger, 1986; Hirche & Anger, 1987a, b}. The R, U, and 
growth data from this experiment constitute the principal basis for budgets of energy, C, 
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and N (see above). Therefore, exclusively this experiment will be documented in some 
detail in the present paper, whereas results from the following ones serve as complemen- 
tar,/information only, in particular on ingestion rates and biochemical composition of H. 
araneus larvae. 

Mr, C, N, and Hwere measured in regular intervals (20 time points during develop- 
ment), with 12 to 13 replicate samples. The samples were treated as described in detail by 
Anger & Dawirs (1982) and Anger et al. (1983) and analysed, applying a Mettler UM3 
microbalance and a Carlo Erba Science 1106 Elemental Analyzer. Energy content (B) was 
estimated from C (Salonen et al., 1976). This experiment comprised a total of 249 
determinations of W and CHN, with 465 individuals analysed. 

Protein measurements (3 to 5 replicates) were carried out in parallel samples after 
Lowry et al. (1951) with bovine serum albumin (Serva 11930) as a standard. 

Respiration was measured in closed bottles (ca 60 cm 3) with a Wink/er technique 
(Grasshoff, 1976) following the experimental design by Anger & Jacobi (1985). Each 
respiration measurement comprised 8 replicate experiments (according to larva] size, 
with 3 to 10 larvae in each bottle) and 4 replicate blanks (without larvae). The incubation 
time was ca 15 h. Parallel to oxygen consumption, ammonia excretion was measured 
under identical conditions. The analytical procedure followed Solarzano (1969). Moult 
staging of the larvae was carded out using microscopical techniques (Anger, 1983) and 
the classification system proposed by Drach (1939). 

Exper iment  B 

The second experiment (larvae from another hatch) comprised simultaneous meas- 
urements of growth (as in Experiment A, but additionally with parallel lipid determina- 
tions) and ingestion rate. It comprised 22 sampling points during larval development, 
with 183 determinations of W and CHN, and 429 larvae analysed. Total lipids were 
measured photometrically in 3 to 5 replicates with a Me~ckotest | reagent kit (Merck, 
Darmstadt), utilizing the sulfophosphovanillin reaction (Z611ner & Kirsch, 1962). 

Ingestion rates were determined daily in 20 individual larvae given freshly hatched 
Artemia sp. nauplii as food, following in general the procedures described by Anger & 
Dietrich (1984). Quantitative image analysis, however, had to be replaced in the present 
study by a manual method: microscopical counting of the number of nauplii before and 
after a 24 h incubation period. In order to determine food biomass, brine shrimp nauplii 
were collected on Whatman (grade GF/C) glass fibre filters, immediately before and after 
an incubation period (10 replicates per measurement, with 200 nauplii in each) and 
analysed for W, C, N, and H. Average values (representing the middle of the incubation 
time) were taken as conversion factors to express ingestion rates in terms of W, CH Nor  E. 
Since larval development and growth rates were similar to those in Experiment A, the 
ingestion rates measured in Experiment B were considered representative of Hyas 
araneus larvae and will therefore be used, together with growth, respiration, and 
excretion data from Experiment A, in the construction of complete budgets of energy and 
matter (see above). 
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Exper imen t  C 

Simultaneously measured growth data (IV, CHN, protein) from this experiment 
(conducted with larvae from a third hatch) are used in the present paper as a supplemen- 
tary material. These growth measurements accompanied simultaneous investigations of 
nucleic acids (DNA, RNA) that will be pubhshed elsewhere (Hirche & Ange r, in prep.). In 
this experiment, Wand C H N w e r e  measured at 24 samphng points, in 192 analyses with 
400 larvae. 

Besides the results of these three new experiments, original growth data ( W, CHN, in 
part also lipid and protein} from previous pubhcations by our working group are used 
again in the present paper, in order to show variation among different hatches in Hyas  
araneus larvae, and to quantify relationships between these different measures of 
growth. Two of these previous papers {Anger & Dawirs, I982; Anger & Jacobi, 1985) give, 
in different contexts, complete series of growth measurements conducted with high 
temporal resolution during the complete larval development of this species. Furthermore, 
chemical data were taken from the following studies: Anger et al. (1983), Kunisch & 
Anger (1984}, Hirche & Anger (1987a}, Hirche & Anger (in prep). 

RESULTS 

Feed ing  rate  (F) 

Feeding rate {measured exclusively in Experiment B) varied greatly, not only 
between subsequent larval instars and during individual moult cycles (Fig. 1}, but also 
from day to day and among replicate experiments (i.e. among 20 sibling larVae with 
identical age, treatment, etc.). Standard deviation of rephcates {not shown in Fig. 1) 
usually amounted to __ 10 to 20 % of the mean values. In spite of high individual and 
daily variability, the high temporal resolution of the experiment (53 subsequent daily 
measurements) allows us to discern some clear trends. The overall level of Fwas  low in 
the zoea I, maximum in the beginning of the zoea II; then it showed a decreasing trend 
throughout the rest of larval development (Fig. la). 

Feeding rates are given in Figure i in terms of numbers of Artemia nauphi consumed 
per day per larva, These, figures can be converted easily to dry weight, carbon, nitrogen, 
or energy values, by multiphcation with the average values given in Table 1. 

When variation of ingestion rate is considered separately in each larval moult cycle, 
distinct patterns may be recognized in subsequent instars. Maximum P w a s  found in the 
middle of the zoea I, during the first half of the zoea II, and in the beginning of the 
megalopa moult cycle, i.e. the maximum shifted during larval development from early 
premoult, through intermoult, and eventually to the postmoult stages (Figs lb-d). The 
parabola shaped feeding curves in the zoea t instars can be described by quadratic 
polynomial equations: 

Y = Yo + ax-bx2 Eq. (1) 

y is here F; x is time of development (t in days); Yo (an estimate of the initial y value), 
a, b are fitted constants. 

The variation pattern of feeding in the megalopa can be fitted better with an 
exponential type of equation: 

Y = Yo e-dx Eq. (2) 
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Fig. 1. Hyas araneus. Feeding rate (F: Artemia nauphi  ind -1 d-*) during larval development.  
Regression equations: F as a function of time (t: days) of development;  r = correlation coefficient; 

n = number  of subsequent  experiments (mean values, from 20 replicates each) 

Table 1. Artemia sp. Dry weight  (W), carbon (C), nitrogen (N) (all in ~tg ind-1), and energy content  (E, 
in Joules ind-t), immediately after hatching and 24 h later; arithmetic mean  __+ SD (n = 10). Average 

values were used as conversion factors for feeding rates of Hyas araneus larvae 

Freshly ha tched  24 h old Average 

W (~tg) 1.65 • 0.23 1.50 +_ 0.07 1.57 
C (~tg) 0.80 • 0.02 0.74 __+ 0.02 0.77 
N (~g) 0.14 • 0.01 0.15 • 0.01 0.14 
E (J) 0.032 • 0.002 0.030 __ 0.001 0.031 

T h e  c o r r e s p o n d i n g  r e g r e s s i o n  e q u a t i o n s  a n d  c o r r e l a t i o n  coef f i c ien t s  a r e  g i v e n  in  

Figs  l b - d  a n d  T a b l e  3. 

R e s p i r a t i o n  [R) 

T h e  p a t t e r n s  of c h a n g e  in  i n d i v i d u a l  r e s p i r a t i o n  (va lues :  s ee  T a b l e  2) d u r i n g  l a r v a l  

d e v e l o p m e n t  a r e  d e p i c t e d  in  Fig. 2. R i n c r e a s e d  in  b o t h  z o e a l  i n s t a r s  as a h n e a r  f u n c t i o n  

of t ime:  

Y = Yo + a x  F.q. (3) 
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y is here R (in #g 02 h -1 individual-i) ,  x is time (t in days), and Yo a n d  a are fitted 

constants (cf. Eq. 1). 

In the mega lopa  instar, R revea led  a sinusoidaI pat tern that can be  desc r ibed  best  by 

a third order polynomial  equat ion:  

Y =  Y o -  a x +  bx 2 -  cx 3 Eq. (4) 

The parameters  are def ined here  as in Eq. (3). All fitted regression pa r am e te r s  (2"0, a, 

b, c) describing R as function of t are compiled in Table 3. A v e r a g e  R increased 

significantly from instar to instar (Fig. 2). 

Table 3. Hyas araneus, larval instars. Fitted parameters (Yo, a, b, c) and correlation coefficients (r) for 
regression equations (Eqs. 1 to 5; see text) describing changes during larval moult cycles (zoea I, 
zoea II, megalopa) in: feeding rate (F), growth (dry weight, W; carbon, C; nitrogen, N; hydrogen, H; 

energy, E), respiration (R), and nitrogen excretion (U). All units the same as given in Table 2 

y F W C N H E R U 

Zoea I Yo 12.1 59.2 21.7 5.39 3.25 0.76 0.182 4.73 
a 1.22 0.391 0.438 0.716 0 . 4 4 3  0.456 0.0182 1.916 
b -0.114 -0.150 
r 0.922 0.996 0.982 0.992 0.973 0 . 9 6 5  0.993 0.820 

Eq. 1 5 5 3 5 5 2 1 

Zoea II Yo 31.5 157.6 63.3 I3.2 9.25 2.31 0.512 8.61 
a 0.81 0.269 0.287 0.232 0 . 2 9 4  0.295 0,0070 4.737 
b -0.194 -0.365 
r 0.911 0.998 0 . 9 9 1  0.979 0 . 9 8 7  0.985 0.955 0.899 

Eq. 1 5 5 5 5 5 3 1 

Megalopa Yo 25.4 369.0 141.2 27.6 I9.4 5.08 0.869 20.31 
a -0.0496 36.5 13.5 2.19 2.26 0.47 -0.0495 3.061 
b -1.220 -0.431 -0.062 -0,071 -0.015 0.0065 -0.114 
c 0.00017 
r 0.940 0.869 0.938 0.982 0 . 9 1 4  0 . 9 2 4  0.930 0,696 

Eq. 2 1 1 1 1 1 4 1 

Weight-specif ic  respiration rate (QO2, dry weight-based)  was m a x i m u m  in early 

postmoult of each larval instar, and it was almost constantly low during the intermoult  

and premoult  stages of the moult  cycles (Fig. 2). On the average,  there w a s  a decreas ing  

tendency in Q 0 2  during deve lopmen t  from the first to the last larval instar.  

N i t r o g e n  e x c r e t i o n  (U) 

Excretion rates (Table 2) increased during the initial phase of e a c h  moult  cycle, 
reached  maxima approximately in the early or intermediate  premoult  s tages,  then they 

decreased prior to ecdysis (Fig. 2). The  ave rage  level  of Uincreased,  as in R, from the first 

to the last larval instar. The  variat ion pat terns within the single moul t  cycles can be 

described by quadratic regress ion equat ions  (type: Eq. 1). The  fitted pa ramete r s  are 

g iven in Table  3. 

Weight-specif ic  excret ion rates (in gg ammonia  nitrogen per  mg dry weight )  showed 
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in pr incipal  similar pat terns  of var ia t ion as U, but  with a slightly dec reas ing  t endency  
from instar  to instar  (Fig. 2). 

A t o m i c  O / N  r a t io  

The pa t te rns  of change  in the  atomic O/N ratio (Fig. 2) were  d ic ta ted  mainly  by  
variat ions in N-excret ion.  M a x i m u m  values  were found shortly before  and  after each 
ecdysis,  with the  absolute ly  h ighes t  va lue  (50) in freshly moul ted  zoea II larvae.  Minimum 
values  (ca 20 to 25) occurred dur ing  the intermoult  and  ear ly premoul t  periods.  The 
average  level  in O/N showed a s l ight ly  dec reas ing  t endency  dur ing  deve lopment .  The 
absolute ly  lowest  value  (15) was  m e a s u r e d  in freshly me tamorphosed  juveni le  crabs 

(Fig. 2). 
The atomic O/N ratio indicates in all larval instars a mixed metabolic substrate, with 

a clear dominance of protein catabolism throughout major portions (intennoult, early 
premoult) of each moult cycle, and, increasingly, toward the end of larval development. 

G r o w t h  p a t t e r n s  

The pat terns  of biomass  increase  (values measu red  in Exper iment  A are  given in 
Table  2) were  mostly the same as in ear l ier  invest igat ions.  Dry we igh t  (W), carbon (C), 
and  ni t rogen (N) are shown as examples  in Figure 3. Changes  in W, C, N, H, and  energy  
content  (E) per  individual  were,  in the zoeal  instars, usual ly  descr ibed  by  a power  
function (Anger & Dawirs, 1982; A n g e r  & Jacobi,  1985): 

Y = Yo (x + 1) a Eq. (5) 

y i s  here  W, C, N, H, or E; x i s  t ime of deve lopmen t  (t, in days), and  Yo and  a are fitted 
constants.  Reexaminat ion  of all  comple te  da ta  series ava i lab le  (see "Mater ia ls  and  
Methods"  section), however,  r evea led  that  the increase  in N dur ing  the zoea I instar 
follows in most of these cases a l inear  (Eq. 3) ra ther  than a-parabol ic  pa t te rn  (Eq. 5). This 
appl ies  also to the da ta  from Exper iment  A (see Table  3). 

Mega lopa  growth has been  found in all previous  studies on Hyas araneus la rvae  to 
follow a parabo la  shaped  pa t te rn  (Fig. 3) that  may be  descr ibed  b y  quadra t ic  equat ions 
(Eq. 1; cf. Anger  & Dawirs, 1982; A n g e r  & Jacobi,  1985). The same pa t te rn  was found also 
in the present  s tudy (Experiment  A; see  Table  3). 

Figure 3 shows the variat ion in la rvae  from different  hatches  s tudied  dur ing  the past  
decade.  It can be  seen that the d e g r e e  of var iabi l i ty  increases  dur ing larval  development ,  
and  it is in gene ra l  greater  in W and  C than  in N. The  carbon content  of intermoult  
mega lopa  originat ing from different  ha tches  but  r ea red  under  ident ical  condit ions (con- 
stant 12 ~ Artemia naupli i  fed ad  libitum), for instance,  may  vary b e t w e e n  ca 170 and 
310 [tg ind -1, i.e. by  a factor of up to 1.8. The da ta  from the p resen t  s tudy (Experiment  A; 
Table  2) are found approx imate ly  in the  middle  of this range.  Thus, they  may  be 
considered "representa t ive"  of larval  growth in Hyas araneus, and the regress ion 
equat ions summar ized  in Table  3 can be  used  for model l ing  the par t i t ioning of energy  
and mat ter  dur ing larval  deve lopment .  
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Elementa l  and  b iochemica l  composi t ion 

Dry weight (W) shows a particularly strong increase at the beginning of each moult 
cycle (Fig. 3). Since the Organic constituents of W, i.e. C, IV, H d o  not increase as rapidly, 
their percentage values decrease during the postmoult stages (C and N shown as 
examples in Fig. 4). This recurrent phenomenon indicates an initial phase of rapid uptake 
of inorganic substances. It is followed during intermoult and premoult by a period of true 
growth, i.e. accumulation of organic compounds. 

The growth patterns differ somewhat between C and N: the former reaches a 
maximum and then remains rather constant throughout a major part of the moult cycle, 
whereas the latter reveals a practically continuous increase (Fig. 4). This difference is 
reflected also in the C/N ratio. It shows in all larval instars a rapid initial increase, 
followed by rather constant or steadily decreasing values (Fig. 4). Since total growth does 
not cease before late premoult, decreasing C/N ratios during the second half of the moult 
cycle do not indicate a reduction of C, but rather a proportionally faster accumulation of N 
during this phase. 

Figure 4 shows also the degree of variabihty in the percentage of C,/'q, and in their 
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weight ratio. The curves are eye-fitted, depicting the typical patterns found in complete 
data series, one series with particularly high and another with very low biomass values. 
Again, the data from the present study (Experiment A) are intermediate in the range 
shown. 

Variation in the percentage C and the C/ N  figu[es reflects mainly variation in the 
lipid content of larvae from different hatches, whereas changes in percentage N values 
reflect protein variation. Figure 4 suggests that the degree of variability is in general 
greater in lipid than in protein, with particularly high variation in the megalopa instar, 
According to these patterns, the average level of lipid increases during the zoea I, 
reaches a maximum in the zoea II, and eventually decreases during megalopa develop- 
ment. 

These indirectly measured patterns of variation in proximate biochemical composi- 
tion during larval development of Hyas araneus are confirmed by direct measurements 
(Fig. 5). Lipid, however, was measured only in Experiment B. These values show that H. 
araneus larvae contain in general much more protein than lipid. Since variation between 
different hatches in the percentage of protein (Fig. 5) does not correspond to an equal 
variability in the absolute (per individual) values of this component, lipid should be the 
main source of variation in the relative (% of W) biochemical composition of larvae from 
different hatches. Comparatively low percentage protein values in Experiment B (Fig. 5, 
middle graph) suggest that both the percentage lipid and the lipid/protein ratio may be 
normally lower than found in this hatch. As in elemental composition, the hatch used in 
Experiment A appears to represent average ("typical") figures to be expected in H. 
araneus larvae. 

While there is a continuous increase in the absolute values of both lipid and protein 
from hatching to the middle of megalopa development, the ultimate larval instar reveals 
decreasing biomass during the second part of its moult cycle (see above). This decrease is 
mainly found in the lipid fraction, whereas the amounts of protein per individual remain 
rather constant during this final period of larval development (Fig. 6). As a consequence, 
the lipid/protein ratio shows a conspicuous decrease during this phase (Fig. 5). 

Interrelat ionships b e t w e e n  different  measures  of b iomass  

The great amount of data collected during the past decade allows us to quantify some 
statistical relationships between total dry weight (W) and different chemical compounds 
that are also used as measures of biomass. When data from complete larval development 
are pooled, C, PC, and Happear  to show linear relationships with W(Fig. 7; Cshown as an 
example). A closer analysis of the data, however, reveals that the non-linear growth 
patterns during individual moult cycles (see above) complicate that prediction of elemen- 
tal constituents from I4/. The linear regression given in Figure 7 (upper left graph) 
therefore yields only a rough estimate, as it assumes an almost constant percentage of C. 
Actual variation in the percentage of C (Fig. 4) is reflected in exponential regression 
curves computed separately for each larval instar (Fig. 7). 

C shows highly significant correlations with both N and H (Fig. 8). The particularly 
high correlation between C and H shows a rather constant C/H ratio, whereas the C / N  
ratio may vary considerably, due to variation in the protein content (see above). 

C and N are good predictors also of total lipid and protein, respectively (Fig. 9). In 
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Fig. 7. Hyas araneus. Relationship between dry weight (W) and carbon (C) in the individual larval 
instars and in complete larval development (Z); pooled data from the present and previous studies 
(see "Material and methods" for references); r, n: correlation coefficient, number of mean values 

(from 12-13 replicate analyses eaqh) 

both cases, a non-l inear  (power function) model gave a better  fit be tween  predicted and  
observed data than a l inear  model. 

DISCUSSION 

The present study provides the data base for budgets  of energy, carbon, and 
nitrogen, and it has scrutinized previous results on physiological and  biochemical  
changes during larval development  of Hyas araneus, 

The uptake  of energy and matter (F) had been  measured  already by Anger  & Dietrich 
(1984). The present  study, however, yielded more reliable data, since more replicate 
experiments were carried out (20 vs 10), and  larval development  duration in the experi- 
ments  was shorter, probably due to bet ter  viability of larvae, or slightly improved 
experimental  conditions (the test vials had the same volume but  a higher  bottom sur- 
face : height ratio than in previous experiments).  The pat terns of variation in the ingest ion 
rate of zoea larvae were in these two studies basically the same: Ffol lowed a bel l -shaped 
curve, with a maximum in the middle (zoea I) or in  the first part (zoea II) of the moult  
cycle. The megalopa showed in general  a decreasing F during its moult  cycle, with a 
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references); r, n: as in Figure 7 

much c learer  t endency  in the  p re sen t  s tudy (Fig. 1). In a comparab le  inves t iga t ion  on 
inges t ion  rates  of shore crab {Carcinus maenas) larvae,  Dawirs  & Die t r ich  (1986) found 
also consistent ly decreas ing  F values  dur ing the moult  cycles of late ins ta rs  (zoea IV, 
megalopa) ,  whe rea s  earher  instars  r evea led  var iable  pat terns  modif ied  b y  tempera ture .  

In all of these  studies, h igh  individual  and  moult  cyc le - re la ted  var iab i l i ty  was 
observed  in larval  feeding rates�9 Hence,  the use  of single " representa t ive"  m e a s u r e m e n t s  
t aken  from an unspeci f ied  s tage  of the moult  cycle may yie ld  an  unrea l i s t ic  es t imate  of 
average  F i n  a g iven instar. Such simplistic approach  may  seriously affect t h e  rel iabi l i ty  of 
b ioenerge t ic  comparisons,  e.g. b e t w e e n  distinct  larval  instars or species ,  and  thus, the 
comparabi l i ty  of l i terature data.  Also the p resen t  F values  are not fully c o m p a t i b l e  with 
the rest of the  da ta  (respiration, excretion,  growth), be c a use  they  w e r e  m e a s u r e d  in 
larvae  or iginat ing from a different  hatch (Experiment  B). Since growth  ~vas c he c ke d  in 
both exper iments  (A and B) and found to b e  similar, the  combina t ion  of these  da ta  
appears  justified. 

Respirat ion rate (R) showed  the same pa t te rns  of var ia t ion dur ing i nd iv idua l  moult  
cycles as obse rved  in previous studies on Hyas araneus (Anger  & Jacob i ,  1985) and H. 
coarctatus (Jacobi  & Anger,  1985): l inear  increase  in each  zoeal  instar,  w i th  a ~weaker 
slope in the  zoea  II, and  a s inusoidal  pa t te rn  in the mega lopa  (Fig. 2). Th i s  correspon-  
dence  of results  obta ined  in i n d e p e n d e n t  s tudies  suggests  that  these p a t t e r n s  might  be  
genera l  in b rachyuran  or at least  majid" larvae,  however,  too little in format ion  from 
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protein in larvae and early juveniles; pooled data from the present and previous studies (see 

"Material and methods" for references); r, n: as in Figure 7 

different  taxa is avai lable  at p resen t  to al low general izat ions.  Moreover,  such pat terns  
may  be  modif ied by  t empera tu re  (Anger, 1987) or other  external  factors. 

Weight-specif ic  respirat ion (QO2) was in all larval  instars of H. araneus ma ximum in 
ear ly postmoult ,  fol lowed by constantly low values  (Fig. 2). It decreased ,  on the average,  
from the first to the last instar. The same pa t te rns  had  been  found before in Hyas spp. 
(Anger & Jacobi,  1985; Jacobi  & Anger,  1985). Sasaki  et al. (1986) found a similar 
variat ion pa t te rn  in Q02 during the moult  cycles of larval  lobsters (Homarus americanus), 
but  they  measu red  increas ing average  levels from the first to the last (third) instar.  The 
lat ter  f inding is surprising, as there  is normal ly  a nega t ive  correlat ion be tw e e n  Q02 and 
weight  (e.g. Zeuthen,  1953). Dawirs  (1983) obse rved  also a posit ive relat ionship be tw e e n  
QO2 and W i n  Carcinus rnaenas la rvae  exposed  to high t empera tu re  (25 ~ whereas  at 
lower  t empera tures  (12 ~ 18 ~ negat ive  s lopes were  found. 

Ni t rogen excret ion (U) fol lowed in all larval  instars  a p a r a b o l a - s h a p e d  pat tern,  with a 
max imum in the middle  of the moult  cycle or somewha t  later  (Fig. 2). The  same appl ies  to 
weight-specif ic  excret ion rate (U/W). The only comparab le  da ta  avai lable  from other  
decapod  larvae (Sasaki et all, 1986) show an opposi te  tendency.  The ave rage  level  of 
U/W measured  in Hyas araneus was lower than  most values  given by  other  authors 
(Logan & Epifanio, 1978; Capuzzo & Lancaster,  1979; Johns,  1982; Sasaki  et al., 1986). 
This difference may  have  been  caused  by re la t ive ly  long incubat ion time in our exper i -  
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ments (15 h vs 3-5 h), as lack of food during this period may reduce excretion compared 
to that in freshly fed larvae (Capuzzo & Lancaster, 1979). 

The atomic O / N  ratio is considered an indicator of the metabohc substrate. The 
average level is in Hyas  araneus larvae (Fig. 2) similar to that in larval lobsters (Capuzzo 
& Lancaster, 1979; Sasaki et al. 1986) and crabs (Johns, 1982), showing a predominantly 
protein-based metabohsm. As in lobsters, the average O / N  showed a shghtly decreasing 
tendency during larval development, indicating an increasing significance of protein 
catabohsm in later developmental instars. 

The larval growth patterns observed in the three experiments (A-C) of the present 
study agree well with those in previous investigations on decapod larvae: I-tyas araneus 
(Anger & Dawirs. 1982; Anger & Jacobi, 1985), H. coarctatus (Jacobi & Anger, 1985), 
Carcinus maenas  (Dawirs. 1983; Dawirs et al., 1986), Nephrops  norvegicus  (Anger & 
Piischel, 1986), Inachus dorsettensis (Anger, 1988). The present review of growth data 
measured in H. araneus larvae shows that there is quite a lot of variabihty between 
different hatches (Fig. 3), however, with rather constant patterns of variation during 
individual larval moult cycles. The great variabihty in the absolute (e.g. ~tg C ind -~) values 
of different hatches shows again that parallel bioenergetic measurements (e.g. of growth 
and respiration) should be carried out, if possible, with larvae from the same hatch. 

Relative composition (% W) of Hyas  araneus larvae varies considerably during 
individual moult cycles (Figs 4 5). During and after ecdysis, the larvae take up great 
amounts of water (Anger & Dawirs, 1982) and, thus, inorganic substances. This leads to a 
conspicuous transient decrease in the percentages of organic constituents (C, N, H, 
protein, hpid) during the postmoult stages of the moult cycle, although the absolute 
amounts (in ~tg ind -1) of these constituents increase (Figs 3, 6). This increase is initially 
stronger in C and lipid than in N and protein (Figs 4, 5). Lipid accumulation takes place 
mainly in the R-cells of the larval hepatopancreas (Storch & Anger, 1983). Later in the 
moult cycle, the larvae accumulate proportionally more protein than hpid. and the C / N  
ratio decreases. This is caused by epidermal groWth associated with morphogenesis 
during the premoult stages of the moult cycle (Anger, 1983). The same patterns were 
found also in detailed studies by Dawirs (1983) and Dawirs et al. (1986) on Carcinus 
maenas,  and in further investigations on decapod larvae: Hyas coarctatus (Jacobi & 
Anger, 1985), Nephrops  norvegicus  (Anger & Pfischel, 1986), Inachus  dorsettensis  
(Anger. 1988). This correspondence suggests that these patterns of biochemical change 
during individual moult cycles may be general in planktotrophic decapod larvae. 

Besides moult cycle-related changes, there are differences in the average biochemi- 
cal composition of different larval instars (Figs 4, 5). There is a clear increase in the 
percentage of hpid throughout zoeal development, whereas the megalopa reveals an 
increase only during the first half of its moult cycle, and a decrease in the second half. 
Protein, m contrast, is accumulated during almost the entire course of larval develop- 
ment. These differences may reflect differences in the ecological "roles" of subsequent 
larval instars within the life cycle of a crab: the zoeal instars behave like holoplanktonic 
animals (with the exception of lacking reproduction), accumulating energy and matter 
and investing it mainly in body growth. The late megalopa, in contrast, undergoes 
significant behavioural and anatomical changes that eventually lead to settling and 
metamorphosis. The transition from the pelagic to the benthic environment is accom- 
panied by energy consuming processes such as the search for a suitable habitat and 
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internal  reconstruction processes, while feeding activity is s imultaneously reduced 
(Fig. 1; cf. Anger  & Dietrich, 1984; Dawirs & Dietrich, 1986). Apparently,  in the pre- 
metamorphic phase priority is given to habitat  selection over search for food. Energy 
parti t ioning then shifts from a quantitative (accumulation) growth strategy to a qualita- 
tive strategy: the utilization of reserves for epidermal  reconstruction (morphogenesis). 
Further increasing amounts  of protein during the megalopa moult cycle (Fig. 6) show that 
morphogenesis  proceeds in the epidermis, while decreasing lipid figures indicate the use 
of fat reserves from the hepatopancreas.  

It should be expected that the bioenergetic traits of the juveni le  crab are similar to 
those in the zoeal instars: quantitative growth should again have priority over mor- 
phogenesis.  This assumption, however, remains to be tested in future experiments.  

The non- l inear  relationships be tween  dry weight (W) and  other measures  of larval 
biomass (Fig. 7) reflect developmental  changes in biochemical composition as discussed 
above. Further quanti tat ive interrelations be tween  different measures  of biomass (Figs 8, 
9) have now b e e n  established on a broad basis of analytical data, and  they will in future 
help to estimate one chemical component  from another, when  not so many  parallel  
analyses are possible. Comparative studies with a n u m b e r  of further decapod species are 
be ing conducted, in order to' allow a wider application of such empirical conversion 
models. They may become useful for estimates of production of decapod larvae in the 
planktonic envi ronment  (Lindley, 1988). 

Hyas araneus has become a suitable s tandard model system for the study of 
physiological and biochemical changes during larval development  of a b rachyuran  that 
will help to interpret  future results obtained from other decapod crustaceans. Besides 
comparative studies, future work will include to a greater extent the modification of 
internal  (developmental) changes by external (ecological) factors, and laboratory data 
will have to be compared with those to be obtained in the field. 
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